The capsids of herpes family viruses are among the largest and most complex of the viruses that infect humans. Capsids are composed of at least 8 distinct protein species, most present in many copies each. The major capsid protein and VP26 homolog proteins, for instance, are each present in nearly 1000 copies, and each of the three triplex proteins are present in 320 copies per capsid. The capsid proteins are linked together by many distinct contacts which investigators have long wanted to target with novel anti-herpes therapeutics. If only atomic-level structures of the capsids were available. Now they are. Three studies have led the way, structures of the human cytomegalovirus, KSHV and HSV1/2 capsids (refs 8, 9, and the present authors' structure of HSV1 B-capsids). Cryoelectron microscopy was used for each study with modern electron detectors enabling the atomic level resolution that distinguish the present work from prior, lower resolution studies. Work described in the present study adds a structure of the capsid vertex-specific component (CVSC) of HSV2 to the prior atomic level resolution studies. Five CVSC's surround each of the 12 capsid pentons where one of their roles is the mechanical fortification of the penton against the pressure the virus DNA exerts inside the capsid wall.
I like every aspect of the new structure. It clearly lays out the structure of each CVSC component and how each interacts with the others. Structures similar or identical to the HSV2 CVSC are present in all herpesvirus capsids insuring the current structure will have wide significance. The newly described interactions are themselves somewhat unusual involving alpha helices and regions of beta structure rather than the C-terminal tails often found to link virus capsid proteins. The work is reliably done and described clearly in the text and figures of the paper. The work will be of interest to all herpes virologists and to those newly-attracted to the field by the possibility of identifying novel anti-herpes agents.
The most important weakness of the paper is the fact that much of it is repeated from the authors' Science paper. This applies to all of Supplementary Figure 2 except for figures describing the CVSC ( Supplementary Fig. 2h ). Supplementary figures 3-6 add little to the overall contribution and can be deleted. I could not get much meaning from Fig. 2 . The differences described between the B and C capsids are small and they are not conveyed effectively in the graphics presented. Figures 1 and 3 are wonderful.
Other comments: 1. Line 43: 3.75A resolution 2. Line 52: …a protective layer for DNA 3. Discussion: The structure determined for UL25. Is it identical to that reported by Bowman et al. in 2006 (J. Virol. 80: 2309 -2317 ? Clarify.
Reviewer #2 (Remarks to the Author):
NCOMMS-18-04918-T The architecture of the Herpes simplex virus C-capsid
This is a rather difficult manuscript to review for several reasons. Firstly, it is not clear to me from the submission documents supplied to me whether the 3.1Å structure of a B-type HSV capsid is accepted in Science or just submitted?
From the way that this current submission is written, I assume that it was originally submitted as a letter to Nature? I am not surprised that Nature passed on it, but my overall feeling is that this is a significant advance in structural virology, and I am therefore strongly supportive of its eventual publication in Nature Communications.
However, having said that, in my opinion the manuscript requires work to make it ready for publication. The Nature letter format is very different to that required for Nature Communications, and I will not focus on those format changes -but clearly the manuscript should now be significantly expanded in scale and scope with proper introduction and methods sections. With this in mind, I don't think it's worthwhile to provide a detailed critique of the manuscript in its current form.
More generally, I am not an expert in the structure or biology of the herpesviridae, but I am experienced in both cryo-EM and structural virology -I am therefore a 'somewhat expert' reader and even so found this manuscript incredibly dense and difficult to follow. The authors should make every effort to counter this criticism in their revisions, including I suggest:
1. Clarifying the relationship of A B & C-type capsids, their proportions, and their importance/relevance to the HSV lifecycle. 2. A fuller and slower introduction to the proteins that build the capsid. I understand and appreciate the difficulty of presenting such an enormous structure, but the longer format of Nature Comms gives them much more scope to do their beautiful structure justice. 3. The idea that pressure expands the capsid, is tempting but as far as I can tell completely unjustified? Why can the capsid not undergo a conformational change upon DNA entry? This is mentioned throughout the manuscript, and I found the idea interesting but poorly discussed/justified. Looking at the sup figures, the capsid actually seems to expand most at the vertices -not what I would expect. Is this correct? 4. The FSC plot looks overly smoothed. Has a smoothing function been applied. 5. Some of the figures are v. low resolution -too low to judge their utility. E.g. local resolution in sup 6. I found figure 1 too small, dense and ultimately it should be improved (and made as large as possible!). The colour coding and schematic only partly works, especially in the CVSC that is a key feature of this structure. The figures could now be expanded in a Nature comms article, and the journal should make every effort to reproduce them at the maximum possible size.
I would be very happy to revisit a suitably revised article.
Reviewer #3 (Remarks to the Author):
Wang et al. present a cryo-EM structure of the DNA-filled C-capsid of herpes simplex virus type 2 (HSV-2) at 3.75 Å resolution, which they obtained using a technique they termed block-based reconstruction, described in a companion paper now in press. In this approach, a large particle is divided into several parts which are reconstructed individually and then recombined, yielding a higher resolution reconstruction of the entire particle. In the companion paper (provided), the authors present the HSV-2 B-capsid at 3.1 A resolution. While these structures seem to be correct and the resolutions obtained are quite impressive, B-and C-capsids are very similar except for the presence of the capsid-vertex-specific component (CVSC) on the C-capsid. The paper submitted is technically accomplished and brings some new information on an important macromolecular complex: as such it is potentially publishable but I would ask for significant revision in the following directions.
1) The CVSC is a complex consisting of the viral proteins UL17, UL25, and UL36. In this context, a more specific title to this paper would be helpful to focus on it as the C-capsid architecture has long been known. Similarly, the current abstract is not very informative about what this paper brings and should be reconsidered.
2) It is argued that the CVSC stabilizes the capsid, enabling it to withstand the pressure exerted by the packaged genome. The authors argue that C-capsids, when compared to B-capsids, expand. This should be documented quantitatively. The added stability provided by the CVSC, particularly UL25, has been subject of an atomic force microscopy study by Snijder et al. (ref 16 ). The only stability-related data presented here are in Figure 3d and they make a cursory comparison of HSV-2 with several other viruses which are so different in major respects from HSV-2 as to make this comparison of little value. I advise dropping Figure 3d. 3) Also relating to capsid stability and its ability to resist stress from packaged DNA, a highresolution structure of the human cytomegalovirus (HCMV) capsid has recently been published (ref. 8). As the HCMV capsid is about the same size as that of HSV-2 and is able to harbor a genome that is 50% larger, this bears some discussion.
4) The main new information concerns the CVSC and this should be more fully documented. What was the occupancy of CVSC per vertex in the preparation(s) of C-capsids analyzed? The description of the CVSC in Supp. Fig. 2 should be transferred into the main paper. It is known that parts of the CVSC are flexible. Accordingly, while local resolution slices are provided in supplementary figure 1b, more focus needs to be put on the resolution of the CVSC in particular: the electron densities shown already suggest to this reviewer that resolution is not uniform across the particle and appears to be significantly lower in the vicinity of the CVSC.
5) It has recently been suggested that in gamma-and alpha-herpesviruses the CVSC contains two copies of UL25, rather than just one . This issue should be addressed. Are the present observations consistent with a UL25 dimer? And if so, which subunit is present on Ccapsids? 6) While the resolution obtained in this study is creditable, 3.75 Å (and probably lower around the CVSC -see (4) above) is not 'atomic resolution', as is claimed in line 171. Accordingly, this term should be avoided.
The capsids of herpes family viruses are among the largest and most complex of the viruses that infect humans. Capsids are composed of at least 8 distinct protein species, most present in many copies each. The major capsid protein and VP26 homolog proteins, for instance, are each present in nearly 1000 copies, and each of the three triplex proteins are present in 320 copies per capsid. The capsid proteins are linked together by many distinct contacts which investigators have long wanted to target with novel anti-herpes therapeutics. If only atomic-level structures of the capsids were available. Now they are. Three studies have led the way, structures of the human cytomegalovirus, KSHV and HSV1/2 capsids (refs 8, 9 , and the present authors' structure of HSV1 B-capsids). Cryo-electron microscopy was used for each study with modern electron detectors enabling the atomic level resolution that distinguish the present work from prior, lower resolution studies. Work described in the present study adds a structure of the capsid vertex-specific component (CVSC) of HSV2 to the prior atomic level resolution studies. Five CVSC's surround each of the 12 capsid pentons where one of their roles is the mechanical fortification of the penton against the pressure the virus DNA exerts inside the capsid wall.
The CVSC component proteins (UL25, UL17 and a portion of UL36) are linked by distinctive interactions that suggest themselves as targets for therapeutic compounds that would disrupt the CVSC structure. As a result of the resolution of the current reconstruction it is now possible for investigators to design and test appropriate inhibitors. The enhanced resolution compared to prior structures makes all the difference.
I like every aspect of the new structure. It clearly lays out the structure of each CVSC 2 component and how each interacts with the others. Structures similar or identical to the HSV2 CVSC are present in all herpesvirus capsids insuring the current structure will have wide significance. The newly described interactions are themselves somewhat unusual involving alpha helices and regions of beta structure rather than the C-terminal tails often found to link virus capsid proteins. The work is reliably done and described clearly in the text and figures of the paper. The work will be of interest to all herpes virologists and to those newly-attracted to the field by the possibility of identifying novel anti-herpes agents.
We thank the reviewer for a high evaluation of our manuscript and considering it an important contribution.
The most important weakness of the paper is the fact that much of it is repeated from the authors' Science paper. This applies to all of Supplementary Figure 2 except for figures describing the CVSC (Supplementary Fig. 2h ). Supplementary figures 3-6 add little to the overall contribution and can be deleted. I could not get much meaning from Fig. 2 . The differences described between the B and C capsids are small and they are not conveyed effectively in the graphics presented. Figures 1 and 3 (2018)).
Firstly, we thank the reviewer for a high evaluation of our manuscript and considering it an important contribution in the field of structural virology. Indeed, our manuscript, originally submitted as a letter to Nature, had a quite different format than that required for Nature Communications. Agreeably, the complex figures needed to accompany the proper introduction and verbose structural descriptions. Therefore, as suggested by Nature Communications as well, we have reformatted our manuscript to an article -this would allow the arguments to be fully presented. In addition, we have made a thorough revision in combinations with your suggestions and comments from other reviewers.
1. Clarifying the relationship of A B & C-type capsids, their proportions, and their importance/relevance to the HSV lifecycle. ~ 1, 250 Å in diameter, Supplementary  Fig. 3 ). The pressure of tens of atmospheres generated by the packing of the genome does not substantially expand the C-capsid, suggesting C-capsids possess exceptional mechanical and structural stability/rigidity, which is consistent with previous results unveiled with fluid atomic force microscopy." Thanks for pointing this out. It's our fault that we did not descript clearly the "block reconstruction" procedure. The FSC plot we presented in the manuscript was the mean of those from the four blocks ~50% bigger than each capsomers), which led to an overly smoothed curve. In this revision, we clearly descript the details on how we reconstructed/refined each block and provided the FSC plots for each block, the CVSC and an asymmetric unit.
Thanks for pointing this out. We have added more background information on A-, Band C-capsids in the revised manuscript --as follows. "The assembly pathway produces three distinct types of capsids called A-, B-and C-capsids in lysates from
5. Some of the figures are v. low resolution -too low to judge their utility. E.g. local resolution in sup Thanks, we are now providing all figures with a high resolution at this stage of review of our work.
6. I found figure 1 too small, dense and ultimately it should be improved (and made as large as possible!). The colour coding and schematic only partly works, especially in the CVSC that is a key feature of this structure. The figures could now be expanded in a Nature comms article, and the journal should make every effort to reproduce them at the maximum possible size.
Thanks for your suggestions. Figure 1 has been expanded to the A4 size (the maximum size) and the color scheme for the CVSC has been optimized as well.
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We thank the reviewer for a high evaluation of our manuscript. We have made a careful and thorough revision as per the suggestions of reviewers.
Thanks for pointing these out. We have changed the title and have rewritten the abstract to highlight what this paper can bring.
2) It is argued that the CVSC stabilizes the capsid, enabling it to withstand the pressure exerted by the packaged genome. The authors argue that C-capsids, when compared to B-capsids, expand. This should be documented quantitatively. The added stability provided by the CVSC, particularly UL25, has been subject of an atomic force microscopy study by Snijder et al. (ref 16) . The only stability-related data presented here are in Figure 3d and they make a cursory comparison of HSV-2 with several other viruses which are so different in major respects from HSV-2 as to make this comparison of little value. I advise dropping Figure 3d . (Ivan Liashkovich et.al, Journal of Cell Science, 2008; Udom Sae-Ueng et.al, Nucleic Acids Research, 2014; Joost Snijder at.al, Journal of Virology, 2017; Wouter H. Roos et.al, PNAS, 2009 3) Also relating to capsid stability and its ability to resist stress from packaged DNA, a high-resolution structure of the human cytomegalovirus (HCMV) capsid has recently been published (ref. 8) . As the HCMV capsid is about the same size as that of HSV-2 and is able to harbor a genome that is 50% larger, this bears some discussion. 4) The main new information concerns the CVSC and this should be more fully documented. What was the occupancy of CVSC per vertex in the preparation(s) of C-capsids analyzed? The description of the CVSC in Supp. Fig. 2 should be transferred into the main paper. It is known that parts of the CVSC are flexible. Accordingly, while local resolution slices are provided in supplementary figure 1b, more focus needs to be put on the resolution of the CVSC in particular: the electron densities shown already suggest to this reviewer that resolution is not uniform across the particle and appears to be significantly lower in the vicinity of the CVSC.
Thanks for your valuable suggestions. Regarding the expansion of C-capsids
Thanks for your suggestions. We have added more analysis/evaluations on the CVSC, including the occupancy, FSC plot, local resolution evaluation and electron densities in the revised manuscript. The description of the CVSC in Supp. Fig. 2 has been moved to the main paper as well.
5) It has recently been suggested that in gamma-and alpha-herpesviruses the CVSC contains two copies of UL25, rather than just one . This issue should be addressed. Are the present observations consistent with a UL25 dimer? And if so, which subunit is present on C-capsids?
Many many thanks for pointing this out, which raises us a big concern albeit that it was debatable for the existence of one or two copies of UL25 in the CVSC. Dai et al reported that the CVSC contains two copies of UL25 (shaped into a bi-lobed head) in gamma-herpesvirus (KSHV). However, the corresponding densities (for two copies of UL25 in KSHV) in cryo-EM of HSV-1 at 6.8 Å were assigned as one UL25 and one UL36 (Alexis Hue et.al, NSMB, 2016 6) While the resolution obtained in this study is creditable, 3.75 Å (and probably lower around the CVSC -see (4) above) is not 'atomic resolution', as is claimed in line 171. Accordingly, this term should be avoided.
